Summary -The suitability of a reaction kinetic fouling model was investigated for fouling of heat exchanger surfaces by whole milk. Experiments were carried out on a plate heat exchanger by applying different temperature-time combinations in the temperature range from 70 to 130·C. The denaturation of whey proteins was measured by high performance gel permeation chromatography and the amount and composition of deposits on the plates of the heat exchanger was determined. The kinetic fouling model tumed out to be valid for estimations of the relative deposit distribution in heat treatment equipment for temperatures up to 115·C. The absolute fouling level increased strongIy with aging of the milk. 
INTRODUCTION
Fouling is a very complex phenomenon in design and operation of heat· treatment equipment in the dairy industry. The absolute fouling level is not only product-related but also controlled by aging of milk (Jeurnink, 1991) and seasonal influences (Grandison, 1988) . The relative deposit distribution, however, can be related to heat-induced transformations in the milk (De Jong et al, 1992) .
ln previous work a kinetic fouling model has been proposed, based on a reactor engineering approach with experimental verification by heat treatment of skim milk (De Jong et al, 1992) . The main mechanism was found to be a reaction-controlled adsorption of unfolded t3-lactoglobulin (13-Ig) at an external heat transfer surface. This model turned out to be an accu rate tool for estimating the deposit distribution by skim milk in a heat exchanger up to 11QOC. The literature on the denaturation kinetics of t3-lg has concentrated mostly on the kinetics in skim milk rather than on the kinetics in whole milk. De Wit and Klarenbeek (1989) established the aggregation kinetics for a small temperature range and demonstrated that the kinetic data in whole milk differ from those in skim milk. Since the necessary kinetic data to determine the concentration of unfolded I3-lg in whole milk are not available, the specific fouling model parameters for whole milk cannot be established. ln this paper the suitability of the available fouling model for skim milk is investigated for fouling of heat exchanger surfaces by whole milk. Generally the local fouling process can be considered as a heterogeneous adsorption reaction of milk constituents at the surface with mass transfer and reaction in series: transport in the boundary layer and the reaction process at the deposit surface. The main mechanism in the fouling process of skim milk is a reaction-eontrolled adsorption of unfolded t3-lg which is described by the following equations (De Jong et al, 1992) .
Denaturation of t3-lg:
[4]
Temperature dependence:
The developed model gives good agreement with the experimental data of skim milk up to bulk temperatures of 11QOC. To get a more reliable description of the touling process, the kinetic parameters were refined with new regression analyses relating k n to the deposit surface temperature instead of the bulk temperature. The kinetic data are given in table 1.
MATERIAL AND METHOD5

Experimental set-up
Two sequences of experiments with preheated whole milk (10 s at 55·C) were carried out during operating times of 5 h with a plate heat exchanger (Alfa-lavai, type Hl-RC). Ta avoid er- rors in the determination of protein denaturation, the milk was not homogenized (homogenized milk causes a turbid supernatant).
The milk used in the first experiment of a sequence was = 3 d stored at 5°C. Sequence 1 (exp 4, 5, 6) was carried out 2 months earlier than sequence 2 (exp 1,2, 3). Table Il summarizes a survey of the process conditions during the experiments. The mass flow rate of the milk was 2300 kg/h (Re = 12000). With an additional holder section and different temperature settings, 6 combinations of temperature and time were realized. The arrangement of the sections of the experimental set-op is given in figure 1 . A more detailed description of the equipment has been reported in a previous study (De Jong et al, 1992) .
Analyses
The aggregation of 13-lgand a-Iactalbumin (a-la) was determined at four sam pie points (see fig  1) , twice in each ex periment. The degree of aggregation was measured by high performance gel permeation chromatography (HP-GPC) at At the end of an ex periment the heat treatment equipment was rinsed with water and dismant/ed. The holder and the heater were visualIy inspected. Each plate of the preheater and the regenerative section was mechanically cleaned with 16 1 of a 1 vol% sodium hydroxide solution. The amount of deposits at the upstream side of the regenerative section was negIigible « 5 % of the total). To analyze the quantity and the composition of the deposits on each plate, a sample was taken from the cleaning agent. The fouling rate in the heater was estimated by comparing visually the amount of deposits in the heater with the final plate of the regenerative section.
The sampi es were analyzed by the following determinations:
calcium; chemical oxygen demand (COD) according to NEN 6633 (1990); Kjeldahl (nitrogen quantity) according to NEN 3198 (1984) .
The concentrations of protein and fat are given by: Denaturation of f3-lg and a-la
The effect of time and temperature of the heat treatment on the rates of denaturation of~-lg and a-la is shown in table III. The accuracy of the. HP-GPC method was not sufficient to measure aggregation levels > 90%. Consequently the aggregation of~-19for the sample point alter the regenerative section could not be determined. The
It is assumed that the induction time (time during which no louling occurs) is negligible in comparison with the run lime (Fryer, 1989) and that the deposits consist mainly 01 protein and lat (Lalande and René, 1989 increase of the aggregation level of the samples taken before and after the regenerative section is due to the application of an additional holder section (exp 2-5) and to higher temperatures in the regenerative section (exp 6) respectively. The measured quantities of aggregated I3-lgand a-la were compared with computer simulations based on reaction kinetics from the literature (see figure 2 the experimental values are plotted against the values calculated with the computer program. In general the experimental values are higher than the calculated ones. This can be partly explained by aggregation proceeding for '" 10-30 s during sampling at relatively high temperatures. This results in 2-10% extra aggregation. Furthermore, it is remarkable that the calculations based on the kinetics of a-la in skim milk are in rather good agreement with the measured values in whole milk. 
Composition of the deposit layer
The determined compositions of the deposit layer are summarized in table IV.
70
From each experiment the mean percent-60 age of protein, calcium and fat is spread over 3 temperature ranges.
Between 80 and 110°C the deposits 30 turn out to be largely the Type A deposit 20 as c1assifiedby Burton (1968) , which consists of> 50% protein. This affirms the key role of whey proteins in the process, especially in this temperature range (De Jong et al, 1992) . Both at temperatures < 80°C and> 110°C, the protein content decreases and the calcium content increases, which indicates a growing role of calcium phosphate precipitation (Burton, 1988) . (.d) agrégées. comparées aux valeurs calculées. 
Quantités mesurées de f3-lg (0) et d'a-la
55.4
Fat(%)
5.5
Protein (%)
50.8
Ca3(P04)2 (%)
41.4
7.8
47.9
43.5
8.6
• Assuming that calcium precipilales as Ca3(P04)2 (Jeurnink, 1989) .
80-110
110-120
Fouling level
The increasing amount of deposits measured in the preheater under the same process conditions (see table Il ) and with the same milk charqe, indicates the effect of aging milk. Figure 3 shows the relation between the average fouling rate in the preheater and the age of milk. The significant increase of the fouling level by a factor of 3 to 6 can probably be explained by the action of proteolytic enzymes, which results in a decreasing heat stability of the casein micelles and additional protein deposition (Jeurnink, 1991) . It is clear that these results affirm the proposition that the absolute fouling level cannot be predicted by a fouling model based on heat-induced transformations of milk constituents alone. 
Madel evaluations
Figures 4a-f show the measured and estimated deposition rates in the preheater and regenerative section and in the heater for the different experiments. To evaluate the fouling model developed for skim milk, the values calculated by the model are plotted in the figures, within the temperature limitations given in table 1. To eliminate the effect of the alternating fouling level, for each experiment the kinetic parameter k"o has been fitted. 2.9 to 2.6 glm:lllh
.' ------'-........ \1-........ --------'----' o 2. 13 ., -0,33 (a), 0,05 (b), 0,91 (c), -0,15 (d), 0,53 (e), 1,90 (f) .
The maxima in the local deposition rate can be largely explained by use of the fouling model presented. From equations [4] and [5] it follows that the deposition rate increases with both the concentration of unfolded~-Ig and the temperature. In the preheater the temperature of the milk rises and native~Ig transforms into unfolded~-Ig, resulting in an increase of the deposition rate with residence time (see figs 4a-f). The function of an additional holder is to decrease the downstream concentration of unfolded~Ig by aggregation. In this way the deposition rate in the regenerative section will be reduced. At the beginning of the regenerative section the aggregation of unfolded~-Ig dominates and consequently, the concentration of unfolded~-Ig decreases. The rise in temperature and the decreasing concentration of unfolded~-Ig results in an apparently stabilized and nearly constant deposition rate. When the temperature influence becomes predominant, the deposition rate will rise again. The third maximum> 120°C is probably due to other fouling mechanisms (Burton, 1988) or may be governed by the denaturation of a-la.
The sultabllity of the fouling model developed for skim milk for predicting deposit distributions caused by whole milk, is demonstrated in figure 5. It appears that the effect of the combination of temperature and time on the amount of deposits in the regenerative section can be estimated very weil.
CONCLUSIONS
The available fouling model for skim milk can also be used for predicting the deposit distribution in heat treatment equipment due to fouling by whole milk. ConsequentIy, the model provides for the design of heating equipment and the determination of the optimal combination of temperature and time resulting in minimal fouling of equipment. Besides the effect of heatinduced protein transformations, the local fouling level is strongly influenced by the age of the milk. 
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